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(54) LED driving circuit and optical transmitting module 



(57) An LED (2) is an element in which when a volt- 
age pulse (Vd) applied to the intrinsic diode of an elec- 
trical equivalent model reaches a peak value, a current 
suddenly flows to obtain an optical output proportional 
to the forward current. By utilizing this property, the LED 
(2) receives a rectangular voltage pulse having a large- 
current driving ability at a low output impedance, or a 
voltage pulse having two high levels. The low level of 



the voltage pulse is set within a voltage range where the 
extinction ratio of an output signal from the LED can be 
maintained. Even in an LED having a large internal ca- 
pacitance, an increase in power consumption can be 
minimized, the transient response time can be short- 
ened, high-speed modulation can be performed, and 
output light almost free from pulse waveform distortion 
can be obtained. 
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Description 

[0001] The present invention relates to an LED inten- 
sity modulation type driving circuit for controlling emis- 
sion/non-emission of an LED output in accordance with 
the high/low level of an input voltage pulse and, more 
particularly, to an LED driving circuit capable of output- 
ting a high-speed modulated optical signal almost free 
from an emission pulse waveform distortion that is inev- 
itable in optical data transmission of a high-speed opti- 
cal data link. 

[0002] Multimedia data, now widely-used and being 
increasingly developed, is typically exchanged over a 
variety of high-speed optical network backbones 
throughout the world. To be exchanged, optical trans- 
mitting and receiving modules play an important role as 
key components in optical communication systems of 
long-distance LAN connections, and short to mid-dis- 
tance LANs supported by fiber-optic channels and Gi- 
gabit Ethernet. Purpose-built optical transmitting and re- 
ceiving modules used in IT (Information Technology) 
systems currently in use have been developed at a cost, 
sacrificing versatility at the same time. 
[0003] Recently, demands have arisen for a wide ap- 
plication range of optical interconnection techniques 
without limiting them to special applications such as 
high-performance optical communication and connec- 
tion between computers, particularly server devices, in 
order to ensure connectability over long distances and 
high throughput even for exchange of data between 
multimedia devices such as home appliances, and to 
provide even end users with ease of use. 
[0004] To meet these demands, IEEE 1394a extend- 
ed from the electrical specification IEEE 1 394 standard- 
ized in 1995 is further extended to optical applications, 
promoting standardization of IEEE 1394b which targets 
an optical data link using a POF (Plastic Optical Fiber) 
and is applicable to high-speed, low-cost, medium-dis- 
tance connection. In the future IT field in a broad sense, 
practical performance is important as an interconnect 
requirements specification in addition to specifications 
which define basic transmission performance such as 
high throughput, regardless of the optical or electrical 
transmission signal form. 

[0005] Strong electrical demands have arisen in 
terms of system mountability so as to realize low power 
consumption without cooling, have the same electrical 
interface as that of another IC used in an IT device, and 
if possible, obtain characteristics which allow operation 
at the same power supply voltage. Much lower cost than 
a conventional optical transmitting module is required in 
terms of cost performance. 

[0006] The standard draft IEEE 1394b under exami- 
nation adopts a gradient index plastic optical fiber hav- 
ing a large core system in order to reduce the cost of an 
optical fiber for use, simplify the internal structure, and 
reduce the cost of an optical link module itself. An ex- 
ample of this plastic optical fiber is combined with a red 



light source which falls within the low-loss wavelength 
region of the fiber. 

[0007] The light source of the red wavelength region 
is a light-emitting diode (LED) which emits light in a 

5 wavelength region around 650 nm, or an optical semi- 
conductor laser (LD) which oscillates at 650 nm. Of 
these light sources, the LD must be employed in terms 
of essential element response characteristics in high- 
speed S800 or more which is considered to be the main- 

10 stream of the optical data link as the technique to be 
established in the near future. 

[0008] On the other hand, low-speed standards S1 00 
to S400 will mainly adopt LEDs which can simplify the 
circuit arrangement and optical coupling system of an 
'5 optical transmitter that are important factors for reducing 
the module cost. 

[0009] In fact, products using LEDs as light sources 
are commercially available and widely used in an optical 
data link of several ten Mb/s or less that targets audio 

20 and FA systems. 

[0010] FIG. 2 is a basic block diagram showing a con- 
ventional optical transmitting circuit. 
[0011] As shown in FIG. 2, a constant current pulse 
prepared by ON/OFF-modulating, using a transistor 

25 switch, a DC current generated by a constant current 
source is generated, and the output is applied to a load 
LED. This method does not pose any technical prob- 
lems in a low-speed link, up to about 1 0 Mb/s. In general, 
however, the switch response characteristic of an opti- 

30 cal signal is low due to a large internal capacitance of a 
device that is a property unique to the LED. The low re- 
sponse characteristic determines the optical data link 
speed. 

[0012] As one effective solution for relaxing this con- 

35 straint, a peaking pulse current in phase with a constant 
current pulse is superimposed on an ON/OFF-modulat- 
ed driving constant current pulse in synchronism with 
level inversion of the driving current switch, thereby ac- 
celerating the transient response of the LED. 

40 [0013] If the means for compensating for and accel- 
erating low-speed response characteristic is added, the 
original transmission data rate is as low as several tens 
of Mb/s, and the essential time constant which deter- 
mines the device speed unique to the LED is as short 

45 as several ns or less. In addition, the signal processing 
speeds of photoelectric conversion and logic level con- 
version after optical transmission are substantially neg- 
ligible with the development of the IC process technique. 
Optical transmission can be realized in which the signal 

50 error rate in data transmission is suppressed to be low 
so as not to cause any practical problems. 
[0014] However, if optical transmission in which the 
transmission bit rate is increased to 100 Mb/s or more 
is to be realized by an LED along with the recent de- 

55 mands described above, the conventional method can- 
not be simply extended or applied. 
[0015] As shown in FIG. 1 , one of the present inven- 
tors has proposed a method capable of transmitting data 
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at around 100 Mb/s by adopting the principle of current 
peaking driving, devising peaking superimposition, and 
decreasing the LED driving amplitude. 
[0016] More specifically, a current bias required for an 
LED to generate an ON light intensity is always supplied 
from a DC constant current source to the LED anode. A 
CMOS buffer converts an external pulse signal input Vp 
into a rectangular pulse which changes at a low imped- 
ance between power supply voltages Vdd and Vss. A 
bias current input to the LED anode is ON/OFF-modu- 
lated by using the pulse. At the same time, a differential 
current flowing through a capacitance Cp is superim- 
posed and supplied as a peaking current to the LED an- 
ode. 

[0017] A method using an inductor instead of current 
peaking using a capacitance has also been proposed. 
The circuit shown in FIG. 1 that is driven by a conven- 
tional constant current switch is used as a main arrange- 
ment. A circuit constituted by series-connecting an in- 
ductor and resistor is parallel-connected to an LED, and 
they are driven as the entire load of the current output 
in place of using only the LED as a load. That is, a peak- 
ing current is generated by the inductor in transition and 
supplied to the LED. 

[001 8] Adding the means for superimposing the peak- 
ing current can shorten the transient response time of 
an output optical signal to some extent. However, effec- 
tive peaking superimposition inhibits a peaking pulse 
from completing attenuation within the signal pulse 
width because of the time constant. A pulse tail or the 
like is generated, and the bit rate cannot be so in- 
creased. Further, the output optical pulse width essen- 
tially becomes smallerthan the driving pulse width of an 
electrical signal. 

[0019] The optical pulse width decreases by 1 ns or 
more in general, and in some cases by 1 0 ns, which de- 
pends on the LED driving circuit method. These values 
cannot be ignored when the minimum pulse width of a 
transmission optical signal is 10 ns or less. The de- 
crease causes great variations in the ON/OFF pulse du- 
ty ratio of the transmission signal or additional increase 
in time jitter, seriously influencing the transmission 
waveform quality. 

[0020] The phenomenon that an output optical pulse 
becomes narrower than a driving pulse input to an LED 
results from a property unique to a device in which an 
LED generates light almost proportionally to a forward 
current flowing through the diode. The electrical equiv- 
alent circuit model of the diode is expressed by a struc- 
ture as shown in FIG. 24 in which a current flows through 
a series resistance Rs of the diode and a p-n junction 
diode capacitance Cd is parallel-connected to a con- 
stant current source Id. 

[0021] An output current If from the constant current 
source Id depends on an intrinsic diode voltage vd ap- 
plied across Id or Cd. Letting Is be the saturation current 
of diode junction, N be the radiation coefficient, Vt = kT/ 
q (k: Boltzmann constant, q: electron charge) be the 
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thermal electromotive force with respect to an operation 
temperature T of the p-n junction, the first approximation 
is given by If = Is x exp[Vd/(N • Vt)]. 
[0022] When the voltage Vd applied to the LED is a 
5 forward or reverse bias voltage which does not cause 
the LED to emit light, Cd increases depending on the 
voltage Vd, and substantially exhibits a value dominated 
by the p-n junction capacitance Cj. Under the operation 
condition where the LED emits light, the transition time 

10 capacitance component which increases in proportion 
to the forward current If is added. 
[0023] A general LED has Rs of several Q to several 
tens of Q and has a value of several ten pF to several 
hundred pF only by Cj in zero bias. Thus, even when an 

*5 ideal rectangular pulse Vh is input to the LED, as shown 
in FIGS. 25A and 25B , the internal intrinsic diode voltage 
Vd changes by an exponential attenuation function with 
a time constant (Rs . Cd) of a little less than 1 ns to about 
10 ns, and exhibits a waveform which is asymptotic to 

20 a steady-state value Vhigh upon the lapse of time. The 
forward current If exponentially increases with respect 
to Vd, as represented by the above equation. The for- 
ward current If reaches the same current value as the 
steady-state value only when the forward current If falls 

25 within (N ■ Vt) with respect to the value Vd at which a 
desired maximum steady-state current is obtained, e.g., 
comes near to, e.g., 30 mV to 50 mV. 
[0024] In other words, for a rectangular pulse exter- 
nally input to the LED, a current starts flowing when the 

30 voltage reaches a peak value, and the LED outputs an 
optical output in proportion to the forward current value 
flowing through the LED. At the pulse leading edge, the 
rise of the emission pulse greatly delays from the input 
rectangular pulse. At the pulse trailing edge, the fall of 

35 the pulse hardly delays because the current flowing 
through the LED abruptly decreases when the voltage 
drop of Vp applied to the intrinsic diode reaches several 
ten mV The difference between the delay times in tran- 
sition makes an optical output pulse width smallerthan 

40 an input electrical pulse signal. 

[0025] If a peaking current is superimposed, like the 
prior art, in order to decrease the signal delay of the tran- 
sient response, the charge/discharge time with respect 
to Cd can be shortened to shorten the delay time. Gen- 

^5 erally in superimposition of a peaking current, a current 
exceeding the steady-state peak value of If necessary 
for obtaining an optical signal amplitude is supplied. 
Current consumption in operation increases, and the 
optical output waveform itself has peaking and deforms 

50 from the rectangle. Consequently, the discrimination 
level of the high-speed receiving circuit varies, and the 
time jitter of a reception output signal increases. 
[0026] To the contrary, an LD used in high-speed op- 
tical communication can obtain laser oscillation by lim- 

55 iting the space area to a narrow one within the element 
and realizing a region having a large optical amplifica- 
tion gain. The total area occupied by the element itself 
to be substantially operated suffices to be small. The 
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unique capacitance value of the element is 1 0 pF or less 
at most. 

[0027] As for an LD output, a largo optical output can 
be obtained with high photoconversion efficiency in pro- 
portion to the difference from the threshold of an injec- 
tion current to the element at the boundary of a current 
having a given threshold or more. It is. therefore, effec- 
tive to turn on/off a constant current source as a refer- 
ence at a high speed and convert a current into a current 
pulse. This method has been applied to most LD driving 
circuits. 

[0028] Especially, high-frequency characteristics can 
be relatively easily ensured because the LD can employ 
a normal high-frequency circuit technique in which even 
when the output terminal of a current switch circuit and 
the LD are apart from each other, they a r e connected 
via a transmission line of 50 Q.\o match all impedances. 
To the contrary, the LED can always obtain an optical 
output proportional to an input currenl regardless of the 
magnitude of the injection current, but is essentially dif- 
ficult to realize high-frequency modulation using an 
electrical signal because a large capacitance is added. 
[0029] It is an object of the present invention to pro- 
vide an LED driving circuit capable of shortening the 
transient response time, realizing high-speed modula- 
tion, minimizing an increase in current consumption, 
and obtaining output light almost free from the pulse 
waveform distortion of an emission signal by a new driv- 
ing method based on an operation mode! even in an 
LED having a large internal capacitance as a unique de- 
vice characteristic, and an optical transmitting module 
capable of realizing low power consumption, low cost, 
and high-speed transmission by using the LED driving 
circuit. 

[0030] An LED driving circuit according to the present 
invention comprises a voltage generation circuit for gen- 
erating a first output voltage of a low level and a second 
output voltage of a high level, a first MOS switch for 
transferring the first output voltage to an output terminal, 
a second MOS switch for transferring the second output 
voltage to the output terminal, and a pulse generation 
circuit for shaping a waveform of an externally input sig- 
nal and generating first and second rectangular pulses 
having a complementary relationship, wherein an LED 
is electrically connected to the output terminal, the first 
rectangular pulse is input to a gate of the first MOS 
switch, the second rectangular pulse is input to a gate 
of the second MOS switch, the high level is determined 
by a forward peak current or forward voltage of the LED 
which is necessary for outputting light of a predeter- 
mined intensity from the LED, and the low level is set to 
a voltage value for changing an emission intensity of the 
LED to zero or a negligible value. 
[0031] An LED driving circuit according to the present 
invention comprises a voltage generation circuit for gen- 
erating a first output voltage of low level, a second output 
voltage of a first high level, and a third output voltage of 
a second high level which is higher than the first high 



level, a first MOS switch for transferring the first output 
voltage to an output terminal, a second MOS switch for 
transferring the second output voltage to the output ter- 
minal, athird MOS switch for transferring the third output 

5 voltage to the output terminal, and a pulse generation 
circuit for shaping a waveform of an externally input sig- 
nal and generating first, second, and third rectangular 
pulses, wherein an LED is electrically connected to the 
output terminal, the first rectangular pulse is input to a 

10 gate of the first MOS switch, the second rectangular 
pulse is input to a gate of the second MOS switch, the 
third rectangular pulse is input to a gate of the third MOS 
switch, after the third rectangular pulse changes to the 
high level, the second rectangular pulse successively 

*5 changes to the high level, the first rectangular pulse has 
a complementary relationship with an OR value of the 
second and third rectangular pulses, and a high-level 
voltage applied to the LED is binary. 
[0032] An optical transmitting module according to the 

20 present invention comprises an IC having the above-de- 
scribed LED driving circuit, an LED connected to an out- 
put terminal of the LED driving circuit, a submodule on 
which the IC and the LED are mounted, an optical con- 
nector which is optically coupled to the LED, a lead 

25 which is electrically coupled to the IC and the LED. and 
a package for housing the IC. the LED, the submodule, 
the optical connector, and the lead. 
[0033] This summary of the invention does not nec- 
essarily describe all necessary features so that the in- 

30 vention may also be a sub-combination of these de- 
scribed features. 

[0034] The invention can be more fully understood 
from the following detailed description when taken in 
conjunction with the accompanying drawings, in which: 

35 

FIG. 1 is a circuit diagram showing a conventional 
high-speed LED driving circuit; 
FIG. 2 is a circuit diagram showing a conventional 
LED driving circuit; 

40 FIG. 3 is a circuit diagram showing an LED driving 
circuit for generating a rectangular voltage pulse by 
a small-signal MOS voltage switch, amplifying the 
pulse by a buffer, and outputting the amplified pulse; 
FIG. 4 is a circuit diagram showing an LED driving 

45 circuit for directly switching a buffer-amplified refer- 
ence voltage by a MOS switch and generating a rec- 
tangular voltage pulse; 

FIG. 5 is a circuit diagram showing an LED driving 
circuit for generating a binary voltage pulse by a 

so small-signal MOS voltage switch, amplifying the 

pulse by a buffer, and outputting the amplified pulse; 
FIG. 6 is a circuit diagram showing an LED driving 
circuit for directly switching a buffer-amplified refer- 
ence voltage by a MOS switch and generating a bi- 

55 nary voltage pulse; 

FIG. 7 is a circuit diagram showing the first embod- 
iment of a high-speed buffer amplifier using a Bi- 
CMOS circuit: 



BNSDOCID: <EP 



1 1 56603A2 _l_> 



II 



7 EP 1 156 

FIG. 8 is a circuit diagram showing the second em- 
bodiment of a high-speed buffer amplifier using a 
Bi-CMOS circuit; 

FIG. 9 is a circuit diagram showing the third embod- 
iment of a high-speed buffer amplifier using a Bi- 5 
CMOS circuit; 

FIG. 1 0A is a circuit diagram showing the switch- 
controlled pulse generation logical circuit of a sin- 
gle-value rectangular pulse driving circuit; 
FIG. 1 0B is a waveform chart showing the timing 10 
waveform of the circuit in FIG. 10A; 
FIG. 11 A is a circuit diagram showing the switch- 
controlled pulse generation logical circuit of a sin- 
gle-value rectangular pulse driving circuit which in- 
creases the pulse width; 15 
FIG. 11 B is a waveform chart showing the timing 
waveform of the circuit in FIG. 11 A; 
FIG. 12A is a circuit diagram showing the switch- 
controlled pulse generation logical circuit of a binary 
voltage pulse driving circuit; 20 
FIG. 12B is a waveform chart showing the timing 
waveform of the circuit in FIG. 12A; 
FIG. 13A is a circuit diagram showing the switch- 
controlled pulse generation logical circuit of a binary 
voltage pulse driving circuit which increases the 25 
pulse width; 

FIG. 13B is a waveform chart showing the timing 
waveform of the circuit in FIG. 13A; 
FIG. 14 is a circuit diagram showing the first em- 
bodiment of a voltage addition type LED driving cir- 30 
cuitforgenerating a binary voltage pulse by a small- 
signal MOS voltage switch, amplifying the pulse by 
a buffer, and outputting the amplified pulse; 
FIG. 1 5 is a circuit diagram showing the second em- 
bodiment of a voltage addition type LED driving cir- 35 
cuitforgenerating a binary voltage pulse by a small- 
signal MOS voltage switch, amplifying the pulse by 
a buffer, and outputting the amplified pulse; 
FIG. 16A is a circuit diagram showing the switch- 
controlled pulse generation logical circuit of a volt- 40 
age addition type binary voltage pulse driving cir- 
cuit; 

FIG, 16B is a waveform chart showing the timing 
waveform of the circuit in FIG. 16A; 
FIG. 17A is a circuit diagram showing the switch- 45 
controlled pulse generation logical circuit of a volt- 
age addition type binary voltage pulse driving circuit 
which increases the pulse width; 
FIG. 17B is a waveform chart showing the timing 
waveform of the circuit in FIG. 1 7A; so 
FIG. 1 8 is a circuit diagram showing a temperature- 
compensated reference voltage generation circuit 
using a constant current generation source and Si 
diode; 

FIG. 1 9 is a circuit diagram showing a temperature- 55 
compensated reference voltage generation circuit 
using a constant current generation source and ref- 
erence LED; 
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FIG. 20 is a circuit diagram showing a temperature- 
compensated reference voltage generation circuit 
for generating an amplitude-controlled rectangular 
voltage pulse by using a constant voltage reference 
power supply and Si diode; 

FIG. 21 is a circuit diagram showing a temperature- 
compensated reference voltage generation circuit 
for generating a fixed-amplitude rectangular volt- 
age pulse by using a constant voltage reference 
power supply and Si diode; 

FIG. 22 is a circuit diagram showing a temperature- 
compensated reference voltage generation circuit 
which uses a constant voltage reference power 
supply and Si diode, can adjust the activation ratio, 
and generates a fixed-amplitude rectangular volt- 
age pulse; 

FIG. 23 is a circuit diagram showing a temperature- 
compensated reference voltage generation circuit 
for generating an amplitude-controlled binary volt- 
age pulse by using a constant voltage reference 
power supply and Si diode; 

FIG. 24 is a circuit diagram showing the model of 
an LED electrical equivalent circuit; 
FIGS. 25A and 25B are graphs each showing the 
voltage response characteristic of an intrinsic diode 
when an LED is driven by a constant rectangular 
voltage pulse; 

FIGS. 26A and 26B are graphs each showing the 
voltage response characteristic of an intrinsic diode 
when an LED is driven by a constant rectangular 
current pulse; 

FIG. 27 is a block diagram showing a temperature- 
compensated reference voltage generation circuit 
constituted by a combination of an EEPROM and 
D/A converters; 

FIG. 28 is a graph showing an example of a voltage/ 
current operation waveform and output optical sig- 
nal waveform by a binary voltage pulse driving 
method; and 

FIG. 29 is a perspective view showing an optical 
connector-coupled optical transmitting module in 
which a one-chip IC manufactured based on the 
present invention is mounted. 

[0035] An LED driving circuit and an optical transmit- 
ting module of the present invention will be described 
below in detail with reference to the accompanying 
drawings. 

[0036] As described above, the phenomenon that an 
output optical pulse becomes narrower than a driving 
pulse input to an LED is caused by a property unique to 
a device in which an LED electrically operates as a diode 
and outputs a light intensity almost proportional to a for- 
ward current flowing through the diode. 
[0037] An equivalent circuit model representing the 
electrical characteristics of the LED is shown in FIG. 24. 
The forward current If generated by the constant current 
source Id in proportional to an optical signal is deter- 
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mined by the internal voltage Vd applied to an intrinsic 
diode, and is given by equation: If = Is x exp[Vd/(N-Vt)]. 
Once the device and operation conditions are deter- 
mined, If depends on only Vd and exponentially increas- 
es. 

[0038] If increases to the same order as a desired cur- 
rent value corresponding to a "high" optical signal when 
If falls within several times of (N • Vt) around the peak 
value Vhigh which Vd finally reaches, e.g., falls within a 
voltage range lower by about 1 00 mV than the peak val- 
ue Vhigh. That is, when the voltage pulse Vd applied to 
the intrinsic diode comes very close to the peak value, 
a current abruptly flows, and an LED optical output pro- 
portional to the forward current is obtained. Hence, the 
technical key point of an LED driving circuit for obtaining 
a high-speed optical signal is to modulate a voltage 
waveform around the peak value Vhigh of Vd at a high 
speed. 

[0039] Most LEDs have Rs of several £3 to several 
tens of O. and have a value of several ten pF to several 
hundred pF only by the junction capacitance Cj in zero 
bias. In general, Cj depends on Vd and increases in the 
forward bias voltage region. Under an operation condi- 
tion where the LED emits light, the transition time ca- 
pacitance component which increases in proportion to 
If is added to the total diode capacitance Cd. An actual 
element capacitance value was measured to find that 
the Cd value was about twice or less the Cj value under 
an emission condition. 

[0040] As described above : the voltage which domi- 
nates the emission characteristics of the LED is around 
the peak value of Vd. In the following description, there- 
fore, the Cd value is fixed to the peak value of Vd. The 
result derived based on this approximation is almost the 
same as a numerical analysis simulation result based 
on an actual device mode, so the gist of the contents of 
the present invention described below will not change. 
[0041] A capacitive load of about 100 pF can be ef- 
fectively driven by a h igh-speed rectangular pulse wave- 
form by using a voltage pulse generation source having 
an output impedance smaller than the impedance of the 
load that is smaller in the high-frequency region. Espe- 
cially when the series resistance Rs is lower than the 
impedance of Cd at the bit rate frequency of a transmis- 
sion signal, ideal rectangular pulse driving can be real- 
ized by directly applying a rectangular voltage pulse to 
the LED. 

[0042] More specifically, an externally input pulse is 
shaped into a rectangular pulse, and a rectangular volt- 
age pulse which changes to a high level the voltage 
Vhigh having a value corresponding to Vd at which If 
necessary for causing the LED to emit light at a desired 
luminance is obtained is generated, output, and applied 
to the external load LED. In the final pulse output circuit, 
its output impedance is desirably set to 1/5 or less the 
Rs value. The low level value Vlow of the output voltage 
pulse is set to 0V or more equal to ground to which the 
cathode of the LED is connected, and to a voltage cor- 



10 

responding to a forward current of 1 u. A or less at which 
emission of the LED can be ignored in the entire oper- 
ation temperature range, e.g., to 1.4V or less for a 
650-nm LED. 

5 [0043] When the Rs value cannot be ignored in com- 
parison with the bit rate frequency of a transmission sig- 
nal, the rise waveform of Vd is limited by the RC time 
constant of the series resistance Rs and total diode ca- 
pacitance Cd of the LED even by driving with the rec- 

to tangular voltage pulse. The limited amount depends on 
an LED element for use, and the value of the time con- 
stant Rs • Cd varies from 1 ns to 20 ns. 
[0044] Even if the LED driving circuit outputs an ideal 
rectangular pulse, as shown in FIGS. 25A and 25B, a 

'5 change in intrinsic diode voltage Vdin the LED responds 
as a time change waveform asymptotic to the steady- 
state value Vhigh by an exponential attenuation function 
determined by the time constant. A current starts flowing 
through the LED to cause emission only when Vd reach- 

20 es 100 mV with respect to Vhigh. Hence, a delay time 
td several times the time constant is spent from the lead- 
ing edge of an input pulse. 

[0045] In this manner, the maximum value of a bit rate 
allowing transmission is determined not by the transient 

25 response time of the driving circuit itself but by the time 
constant of the element. The rise of an emission pulse 
greatly delays from an input rectangular voltage pulse 
at the pulse rise portion, whereas no large delay occurs 
at the fall of the input voltage pulse in comparison with 

30 the rise because a current flowing through the LED 
abruptly decreases when the application voltage of the 
intrinsic diode drops and reaches several tens of mA 
with respect to the peak value Vhigh. The rise delay can- 
not be ignored, but the fall delay can be substantially 

35 ignored. As a result, the pulse width narrowing phenom- 
enon occurs even when high-speed operation is ena- 
bled by adopting a driving method with a rectangular 
voltage pulse. 

[0046] When the maximum transfer bit rate is insuffi- 
40 cient only by simple driving with a rectangular voltage 
pulse or the pulse width narrowing phenomenon cannot 
be ignored because the series resistance Rs cannot be 
ignored, a new means for shortening the rise time of Vd 
in the LED and shaping the waveform of Vd close to a 
45 rectangle is introduced. As for the output impedance of 
the LED driving circuit, selecting a smaller Rs value is 
a condition of obtaining an improved result. The imped- 
ance which limits charge/discharge of Cd is mainly Rs. 
Under these conditions, two improvements are pro- 
50 posed. 

[0047] According to the first method of making the in- 
trinsic diode voltage Vd close to the pulse peak value 
Vh at the pulse rise, the low level value VI of the pulse 
voltage applied to the LED is controlled. That is, when 
55 the flow of electric charges which raise the capacitive 
load is limited, the charge time is shortened by decreas- 
ing the voltage difference to be changed from the begin- 
ning. 
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[0048] More specifically, the voltage is set to be lower 
than a forward voltage which gives a current value ob- 
tained by dividing If which gives high-level output light 
by an extinction ratio required for an LED output optical 
signal, and to be as high as possible within a voltage 5 
range where the low level value of a repetitive optical 
output pulse signal at the maximum frequency can en- 
sure a value twice or less the low level value of a low- 
speed repetitive optical pulse signal. Resultantly, the 
voltage pulse amplitude for driving the LED is mini- 10 
mized, the charge amount necessary for charging/dis- 
charging Cd is minimized, the driving current is sup- 
pressed, and power consumption is secondarily re- 
duced. 

[0049] According to the second method of making Vd 15 
close to the pulse peak value Vhigh quickly at the pulse 
rise, a current injected to Cd is increased. Since the im- 
pedance which limits charge injection is fixed to Rs, the 
voltage applied across Rs, i.e., voltage applied to the 
LED is set higher than Vh in the initial time of pulse tran- 20 
sition. The pulse waveform output to the LED deforms 
from a rectangular shape which keeps an ideal constant 
high level, and the LED is driven by a voltage pulse of 
a waveform having two high level values. A high-level 
application voltage is set to a voltage Vh2 higher than 25 
Vh during a predetermined period after the start of the 
pulse leading edge until the voltage Vd reaches Vh. 
When Vd reaches an intended steady-state value Vh, 
the high-level voltage value Vh1 returns to the pre- 
scribed value Vh and keeps constant at Vh during the 30 
remaining high-pulse period. 

[0050] The period during which the voltage is set as 
high as Vh2 after the pulse rise suffices to be 5 ns or 
less, and an increase (Vh2-Vh1) in amplitude is 1V or 
less. Their optimal set values are ideally determined 35 
such that Vd is equal to Vhigh, and instantaneously 
when Vd exceeds Vhigh, Vh switches from Vh2 to Vh1 . 
Although a slight overshoot appears at the leading edge 
of an optical output pulse in practice, the values are de- 
termined based on those immediately before overshoot- 40 
ing. Vd is set smaller in width and amplitude than the 
rectangular voltage pulse, and the maximum peak cur- 
rent is 1 0 times or less the steady-state value of If. 
[0051] As a result of this setting, charge injection at 
the pulse edge is basically accelerated, and an optical 45 
signal is free from any overshoot in principle. The eye 
pattern waveform distortion of an output optical pulse is 
minimized, a redundant circuit current is also sup- 
pressed, and power consumption is suppressed, to be 
low. 50 

[0052] As a modification of these methods, 20% or 
more of an overshoot is applied to the output pulse char- 
acteristics of the LED driving circuit such that the output 
pulse acts equivalently to a binary voltage pulse which 
effectively accelerates charge injection at the pulse 55 
edge. That is, the LED driving circuit is basically a driving 
circuit which outputs the two voltages VI and Vh at a low 
impedance, and also serves as a pulse output amplifier 
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which flattens the gain at a low frequency, and in fre- 
quency bands three and five times the basic frequency 
of the maximum bit rate, sets the gain larger than the 
flat gain at a low frequency. 

[0053] In the above description, the two independent 
methods of shortening the rise time including the delay 
time are separately applied. These two methods can al- 
so be combined and simultaneously used. The com- 
bined method can more effectively shorten the delay 
time and increase the transient response speed. Power 
consumption is minimized, and an optical output having 
a high transient response speed almost free from wave- 
form distortion is obtained. 

[0054] If the pulse narrowing phenomenon still caus- 
es a signal transmission error even after applying any 
of the above means, a circuit for compensating for the 
pulse width by the narrowing amount is added. The LED 
driving voltage pulse is shaped to attain the same width 
as that of an input signal pulse. To the contrary, the mod- 
ified LED driving circuit generates a pulse which is wid- 
ened by a value for compensating for a high-level pulse 
width by using a logic circuit, on the basis of a pulse 
prepared by temporarily shaping an externally input sig- 
nal waveform, and generates a voltage pulse based on 
the widened pulse. In fact, a high-speed LED driving cir- 
cuit can sufficiently compensate for a narrowed pulse 
by widening the pulse by 2 ns or less. 
[0055] The LED is a diode having a large electrical 
band gap, and its electrical characteristics have temper- 
ature dependence unique to the diode. To keep the op- 
tical signal characteristics of the LED constant, if for- 
ward bias voltage changes the forward current of the 
diode must not differ, even upon a temperature change. 
Vh and VI which determine the driving voltage pulse and 
level are controlled following the temperature depend- 
ence of the forward voltage of the LED. 
[0056] An identical LED is used as a voltage reference 
or an Si diode having the same radiation coefficient N 
as that of the LED is selected and used as a voltage 
reference, and the voltages VI and Vh are generated 
while the temperature dependence is compensated for. 
To complete the Si diode by only the process of manu- 
facturing an LED driving circuit IC, the temperature char- 
acteristics of the Si diode can be made to coincide with 
those of the LED by properly amplifying a change in the 
forward voltage of the Si diode in the process and syn- 
thesizing the amplified value with a predetermined value 
because the temperature change of the Si diode is often 
slightly smaller than the temperature change of the LED 
and the forward voltage of the LED is higher. 
[0057] The method of fixing circuit constants in the IC 
cannot cope with flexible application to various LEDs in 
order to use the LED driving circuit as a general-purpose 
component. In this case, temperature characteristic da- 
ta of an LED used in an EEPROM is written/held, and a 
follow-up voltage is generated by a D/A converter which 
adopts the forward voltage of the Si diode as a reference 
voltage by using the data. 
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[0058] In principle, the emission efficiency of the LkD 
with respect to the current has a negative temperature 
coefficient. A decrease in optical output pulse amplitude 
can be compensated for by setting the temperature co- 
efficient of Vh to be smaller than that of VI. Furthermore, 
an intensity monitor photodetector is arranged near the 
LED, and a feedback circuit for controlling the average 
output of the intensity monitor signal to hold a predeter- 
mined value is arranged. Accordingly, the quality of a 
transmission optical signal upon a temperature change 
can be kept more constant. 

[0059] The present invention will be explained in de- 
tail according to preferred embodiments with reference 
to the accompanying drawings. 

[0060] For quantitative definiteness of the description, 
the following selected parameters and operation condi- 
tions of the electrical equivalent diode model of the LED 
will be exemplified as typical numerical targets. 
[0061] Assume that Rs is 10 the average value of 
Cd around the emission point is 200 pF, the steady-state 
value of the forward peak current If at the emission point 
for a high-level pulse is 20 mA, the value of the forward 
voltage Vd at which this current is obtained is Vhigh, and 
the extinction ratio of an output optical signal is 20 or 
more. These relatively strict device parameters and driv- 
ing conditions are necessary in order to realize a high- 
speed optical data link. 

[0062] A low-level forward current at which the extinc- 
tion ratio of an optical signal is 20 with respect to a for- 
ward current of 20 mA, at which the optical output signal 
is at high level, is 1 mA. Further assume that the forward 
voltage Vd = Vlow at this time is 1 .9V, and the thermal 
electromotive force (N-Vt) is 50 mV. The relation with 
the forward current of the diode is calculated by using 
these numerical values to find that the forward voltage 
value Vhigh necessary for obtaining If = 20 mA is 2.05V. 
[0063] Since the voltage drop by Rs is 0.2V at a for- 
ward current of 20 mA, the voltage Vh corresponding to 
the sum of the voltage drop and forward voltage value 
that should be externally applied between the anode 
and cathode of the LED must be 2.25V. 
[0064] FIG. 3 shows the first embodiment of a circuit 
for driving an LED by the basic rectangular voltage pulse 
of the present invention. 

[0065] This circuit is an LED driving circuit in which 
two inputs, i.e., the reference voltage Vh which deter- 
mines the high level of a pulse and VI = OV which deter- 
mines its low level are switched by small-signal MOS 
voltage switches Q1 and Q2 in accordance with a con- 
trol timing pulse, received as rectangular voltage pulse 
generation signals, amplified by a high-speed buffer, 
and output. 

[0066] FIG. 4 shows the second embodiment of the 
circuit for driving the LED by the basic rectangular volt- 
age pulse of the present invention. 
[0067] In the second embodiment, unlike the first em- 
bodiment, a reference voltage is temporarily amplified 
by a buffer so as to hold a predetermined voltage even 



with a large output current load, and then the voltage is 
directly switched between power MOS switches Q3 and 
Q4 and directly output to an LED to drive the LED by the 
rectangular voltage pulse. 

5 [0068] To electrically drive a large capacitive load at 
a high speed by a rectangular pulse, an output circuit 
for driving the LED load must have an output impedance 
lower than Rs by one order of magnitude, e.g., 1 £2 or 
less in the above-mentioned conditions, and must have 

10 an ability capable of discharging a peak current of about 
100 mA at maximum. 

[0069] Detailed circuits of a high-speed buffer ampli- 
fier with a gain of 1 which satisfies these requirements 
are shown in FIGS. 7 to 9. FIGS. 7 to 9 show circuits 

15 which are manufactured by the Bi-CMOS process, can 
operate with a large amplitude even in low power supply 
voltage operation, and have a wide band characteristic 
of several hu ndred MHz and a high current driving ability 
of 1 00 mA or more. 

20 [0070] The embodiment of FIG. 7 is a high-speed buff- 
er amplifier circuit which exploits a differential amplifier 
made up of bipolar transistors as an input circuit and can 
reduce noise with a small input/output offset voltage er- 
ror. The maximum output voltage is limited to a voltage 

25 lower than Vdd by about 0.8V, which does not pose any 
problem when the LED of an n-type substrate is used 
by grounding the cathode. However, a problem arises 
when the power supply voltage for use is low and an 
operation condition in which the difference between Vdd 

30 and Vh is 1 V or less is required. Under the limitations 
on the input circuit, the lowest voltage of V1 is limited to 
about 1 V or more. 

[0071] To eliminate the limitations on the input/output 
voltage operation range of the circuit shown in FIG. 7, 
35 a differential amplifier circuit having a large in-phase in- 
put voltage allowable range is employed as the input cir- 
cuit, and a pull-up circuit to Vdd is arranged in the output 
circuit. 

[0072] This embodiment relates to a high-speed buff- 

40 er amplifier shown in FIG. 8. 

[0073] Since the input stage uses a differential input 
circuit made up of P-channel MOS transistors (P-MOS), 
the amplifier can operate within the input range of 0V to 
(Vdd-0.5V). To make the output voltage close to Vdd, a 

45 p-MOS is parallel-connected to an npn transistor on the 
Vdd side. After the transistor is saturated, the MOS tran- 
sistor pulls up the output voltage toward Vdd, thus real- 
izing a high speed, high current drivability, and high out- 
put voltage. 

so [0074] The design according to an actual process re- 
sults in a smaller band width than the embodiment of 
FIG. 7. Further, this buffer amplifier suffers demerits 
such as the possibility of generating an offset error from 
a set input value of mV order, but can operate by fully 

55 using the voltage between Vdd and ground regardless 
of the input signal level, the form of the output load, and 
the voltage. 

[0075] The output circuits of the embodiments shown 
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in FIGS. 7 and 8 tend to increase in high-frequency out- 
put impedance and be susceptible to noise fluctuations 
of a power supply or the like because the bias current 
of an output bipolar transistor becomes almost 0 in bal- 
anced-point operation in which the input and output are 
balanced. 

[0076] An embodiment of a high-speed buffer ampli- 
fier shown in FIG. 9 is designed based on that shown in 
FIG. 8 in order to overcome the drawback. 
[0077] This circuit is supported by high-speed pnp 
transistors as a process prerequisite. A bias current al- 
ways flows through output transistors Q100 and Q101 
through diodes D1 00 and D1 01 and a resistor R1 00, and 
the output circuit achieves class "AB" operation. By op- 
timizing the bias current, the operation cutoff frequency 
of the output transistor can always be held around the 
maximum cutoff frequency of the transistor. High-fre- 
quency characteristics of the entire buffer circuit and a 
constant transient response regardless of operation 
conditions could be maintained. 

[0078] The driving circuits of the first and second em- 
bodiments require pulses Ch and CI for controlling MOS 
switches, in order to sequentially switch the reference 
voltage by MOS switches in accordance with an exter- 
nally input pulse signal Vp, sequentially control the out- 
put pulse voltage level, and obtain a rectangular voltage 
pulse. 

[O079] FIGS. 10A and 10B show the sequence and 
timing waveforms of various signals required for the 
control pulses. 

[0080] A circuit PG for generating the pulses Ch and 
CI is constituted by a simple logical circuit shown in FIG. 
10A. The timing waveforms of various signals and the 
waveform of an output voltage Vout are illustrated as 
ideal step responses with an added delay time on the 
assumption that a circuit signal delays. The waveform 
of the voltage output Vout corresponds to a chain line 
waveform because VI is 0V in this embodiment. 
[0081] Prior to the description of a case wherein the 
low level value VI of a voltage pulse applied to the LED 
is 0V, driving with a conventional constant current pulse 
will be examined as a comparison . When a constant cur- 
rent pulse having an amplitude of 20 mA is input to the 
LED, the temporal change of Vd responds by a function 
of linearly increasing Vd until Vd reaches the peak volt- 
age Vhigh of the final steady-state value, as shown in 
FIGS. 26A and26B. 

[0082] The forward current which exponentially in- 
creases with time along with the linear rise of the volt- 
age, i.e., the rise operation waveform of the optical sig- 
nal was quantitatively examined to find that the delay 
time td until the current reached 5% of the maximum 
current amplitude was 19.0 ns, and the time until the 
current reached 90% of the forward current, i.e., the rise 
time tr of the optical output signal intensity was 3.5 ns. 
[0083] In driving with a rectangular voltage pulse ac- 
cording to the present invention instead of driving with 
a conventional constant current pulse, the rise wave- 
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form of Vd is expressed by an exponential attenuation 
function determined by the time constant (Rs • Cd) and 
is asymptotic to the final value Vhigh, as shown in FIGS. 
25A and 25B. According to the simulation results ob- 
5 tained when a constant voltage rectangular pulse hav- 
ing an amplitude of 2.25V was input to the LED, the de- 
lay time td was 3.7 ns, and the rise time tr was 5.3 ns. 
[0084] The numerical values of the simulation results 
by the two different driving methods are compared to 

10 find that the time until the voltage reaches the steady- 
state emission level of the LED, as the sum of the delay 
time and rise time from the input level change start of a 
voltage pulse, is half or less in driving with a constant 
voltage pulse in comparison with driving with a constant 

is current pulse. Constant-voltage driving is more advan- 
tageous than high-speed modulation. 
[0085] Although the transient response time becomes 
shorter, the total time until the voltage reaches a steady- 
state value is still 9.0 ns. Even if the characteristic pa- 

20 rameter value is slightly relaxed to make element char- 
acteristics be suitable for high-speed operation, the el- 
ement capacitance Cd is halved to 1 00 pF, and Rs is 
halved to 5 Q., the implementation range of an optical 
transmittable bit rate is limited to a medium speed range 

25 of 100 Mb/s or less. 

[0086] To realize higher-speed modulation operation 
by using an LED having the same characteristics as 
those described above, the low-level voltage VI is not 
decreased to 0 but is always kept at a predetermined 

30 DC bias voltage. 

[0087] An embodiment of the basic circuit arrange- 
ment is almost the same as the circuit diagrams shown 
in FIGS. 3 and 4, and the input reference voltage VI is 
set to not 0V but a predetermined DC bias voltage. The 

35 switch control logical circuit is also the same as those 
shown in FIGS. 10A and 11 A, and the pulse timing 
waveforms are also the same as those shown in FIGS. 
10B and 11 B. Note that the operation waveform of the 
output voltage pulse Vout is higher in a low level than 

40 0V by application of a DC bias., and corresponds to a 
response waveform represented by the solid line. 
[0088] For example, a DC bias of 1 .6V is applied as 
the VI value. In a fall operation, the input voltage chang- 
es from a high-level voltage of 2.25V to a low-level volt- 
es age of 1 .6V, and the voltage across Rs is 0.65V. The 
peak value of the discharge current reaches 65 mA. Al- 
though VI is set as high as 1 .6V, a large amount of cur- 
rent injection can be ensured, and the fall time is as short 
as about 1 .5 ns, as will be described later. 

50 [0089] On the other hand, the rise response changes 
stepwise from an input low-level voltage of 1 .6V to a 
high-level voltage of 2.25V in pulse driving. The delay 
time td obtained by simulating the response waveform 
was 1 .2 ns, and the rise time tr was 5.3 ns. As a result, 

55 the total time until the emission intensity reaches a 
steady-state value was 6.5 ns from the level change 
start of an input pulse, that was shorter by 2.5 ns as the 
shortened time of td than the response obtained when 
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VI in the initial state was set to OV. 
[0090] To further shorten the transient response time 
and realize optical transmission at a high bit rate, the 
following invention is effectively applied. That is, the 
voltage waveform in which the high level of a pulse in 
constant voltage pulse driving is held at a constant sin- 
gle value is replaced by a binary voltage waveform in 
which the high level value changes midway. The high 
level is first set to a higher voltage Vh2, and when the 
optical output reaches a desired intensity, returns to a 
steady-state level voltage Vh1 = Vh. This binary voltage 
pulse is used for driving. 

[0091] The driving method of the present invention 
can also be singly applied. FIG. 5 is a block diagram 
showing an LED driving circuit for quantifying an oper- 
ation of increasing the speed as much as possible. 
[0092] The third embodiment concerns an LED driv- 
ing circuit in which three reference voltages Vh2, Vh1, 
and VI which define the pulse level are input and se- 
quentially switched by small-signal MOS voltage switch- 
es Q5, Q6, and Q7, and a voltage pulse having two high 
level values is generated, amplified by a high-speed 
buffer and output. The high-speed buffer amplifier at the 
output has already been described in detail by exempli- 
fying the embodiments shown in FIGS. 7 to 9, and a de- 
scription thereof will be omitted. 

[0093] A circuit embodiment of another driving type 
using a voltage pulse having two high level values is the 
fourth embodiment of a circuit in FIG. 6 which is similar 
in circuit operation to the second embodiment of single 
rectangular pulse driving. 

[0094] The fourth embodiment relates to an LED driv- 
ing circuit in which input reference voltages Vh2, Vh1, 
and VI are temporarily amplified by a buffer to enable 
connection to a large-current load, and these voltages 
are directly switched by MOS switches Q8, Q9, and Q 1 0 
to generate a binary voltage pulse. 
[0095] The two types of binary voltage pulse driving 
circuits adopt the same switch control. A necessary 
pulse generation logic circuit, the timing waveforms of 
signals, and the waveform of the output voltage Vout are 
shown in FIGS. 12A and 12B. 

[0096] The driving circuit for generating a binary volt- 
age pulse switches a reference voltage source at each 
timing corresponding to a change in external input signal 
Vp, determines the pulse peak value, and shapes the 
pulse into a desired pulse shape. As another binary volt- 
age pulse generation method, VI may always be fixed 
as a reference, and the high level may be sequentially 
added as the difference from the reference voltage VI. 
[0097] FIG. 1 4 shows the detailed circuit (fifth embod- 
iment). 

[0098] In this case, a reference voltage -VI is inversely 
amptified, and the reference voltage of an output Vout 
is always fixed to VI. Difference signal voltages 
(Vh1-Vh2) and (Vl-Vh1) are switched by turning on/off 
small-signal MOS voltage switches Q1 1 and Q1 2. At the 
start of high-level transition, (Vh1 -Vh2) and (Vl-Vh1 ) are 
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added to VI to obtain Vout = Vh2. Then, Q11 is turned 
off to cut off the former, and the voltage returns to Vout 
= Vh1. When both Q11 and Q12 are off, the low level 
returns to only VI. 

5 [0099] As a result, a voltage pulse output having two 
high level values is obtained. The output of the LED driv- 
ing circuit uses an inversion/synthesis buffer amplifier. 
In this method, an initial overdrive voltage (Vh2-Vh1) in 
high-level transition of the voltage is input from the 

10 switch as a difference from the steady-state high-level 
voltage Vh1 . This reduces reference voltage setting var- 
iations and errors, and suppresses variations in the re- 
sponse characteristics of an optical signal. However, all 
the externally input reference voltages must be negative 

15 values, and when the circuit operates with a single Vdd 
power supply, reference voltages must be externally 
supplied. 

[0100] The output buffer circuit basically requires a 
differential input amplifier circuit. The differential input 
20 amplifier circuit in the circuit shown in FIG. 8 or 9 can 
be directly used by separating the connection of directly 
feeding back an output voltage to the inverting input ter- 
minal. 

[0101] To eliminate the necessity of the negative ref- 

25 erence voltage source in the fifth embodiment, the cir- 
cuit is constituted to be operable by a single power sup- 
ply by using different voltage addition methods and only 
a positive reference voltage source. 
[01 02] FIG. 1 5 shows the sixth embodiment of an LED 

30 driving circuit designed based on this gist. 

[0103] In FIG. 15, two small-signal MOS voltage 
switches Q13 and Q14 and two small-signal MOS volt- 
age switches Q15 and Q16 are attached to respective 
reference voltage signal lines to switch whether to input 

35 a reference voltage or to ground the line. This circuit is 
based on the circuit operation principle in which Vout is 
a voltage prepared by always adding and averaging a 
total of three voltages at a VI input terminal and two input 
terminals after the switches. 

40 [0104] A voltage pulse whose high level changes be- 
tween two values is generated, amplified by a buffer, 
and output. Control of the binary voltage pulse driving 
circuit by the voltage addition methods in the fifth and 
sixth embodiments requires only two switch control 

45 pulses. The pulse generation logical circuit shown in 
FIG. 1 6A can be exploited to generate a desired control 
pulse. FIG. 1 6B shows the timing waveforms of respec- 
tive signals and the waveform of the output voltage Vout 
at the same time. 

50 [0105] The response waveform when the LED was 
driven by a voltage pulse having two high level values 
by using any one of the circuits in the third to sixth em- 
bodiments was quantitatively analyzed. When the initial 
peak voltage Vh2 at the pulse leading edge was set to 

55 2.6V and the subsequent steady-state level voltage Vh1 
was set to 2.25V : i.e., when the initial high level value at 
the pulse rise was set higher by 0.35V than the single- 
value peak voltage of 2.25V, the delay time was 0.71 ns 
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and the rise time was 1 .25 ns. 

[0106] According to this driving method, the time until 
the emission intensity reached the steady-state value 
was greatly shortened to 1 .96 ns. Note that the instan- 
taneous peak current at the leading edge reached 1 00 5 
mA, which is five times a steady-state driving current If 
of 20 mA. An impulse-shaped current of 100 mA is in- 
jected in transmitting a signal of an arbitrary pattern, and 
the circuit operation must be so designed as to cope with 
impulse operation. However, this value does not ob- 10 
struct implementation. 

[0107] In the first to sixth embodiments, the voltage 
changes stepwise from the voltage Vh = 2.25V to VI = 
1 .6V in transition from a high level to a low level regard- 
less of whether the high level of a constant voltage pulse '5 
takes a single or two values. The fall time of an optical 
output pulse at this time was checked to be 1 .51 ns. This 
value is almost equal to a rise time of 1 .25 ns in driving 
with a constant voltage pulse having two high level val- 
ues, and indicates a transmission possibility of several 20 
hundred Mb/s. 

[0108] If VI is decreased to 0V, the fall time can be 
shortened to almost 0.5 ns. which results in unbalanced 
fall and rise times and does not contribute to an increase 
in speed. At the fall, the rise delay time with respect to 25 
an electrical pulse is only about 0.1 ns. 
[0109] In the fourth to sixth embodiments, the delay 
time is shortened to about 0.7 ns, which cannot be ig- 
nored. The pulse width of an output optical signal includ- 
ing rise/fall correction is smaller by about 0.5 ns than 30 
the width of the externally input signal pulse Vp. If a high- 
speed element can be similarly used and either of the 
element constants Rs and Cd of the LED can be halved, 
the above-described LED driving circuit of the present 
invention can be applied to realize an optical data link 35 
having a maximum transfer rate of 500 Mb/s. The pro- 
spective pulse width narrowing amount at this time is 
0.25 ns. 

[01 1 0] Even by applying any of the above means, the 
pulse narrowing phenomenon that the pulse width of an 40 
LED output optical signal decreases occurs more or less 
in principle. If this narrowing amount changes the duty 
ratio or appears as a time jitter in signal transmission, 
the pulse narrowing phenomenon can. be prevented by 
applying the present invention of compensating for a 
high-pulse width by a pulse narrowing amount generat- 
ed by the driving method. That is, a circuit of increasing 
the high-pulse width of an input signal by a pulse nar- 
rowing amount in advance is added to widen the LED 
driving voltage pulse. 50 
[0111] The basic operation principle of a driving circuit 
for realizing this can be achieved by changing only the 
control pulse generation circuit in each of the circuits in 
the first to sixth embodiments. The function which 
should be included in the control pulse generation circuit 55 
is an operation function of generating a sequential pulse 
whose high-level pulse width is increased by the nar- 
rowing amount by using a combination of two delay cir- 
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cuits and a logic synthesis circuit at maximum on the 
basis of a pulse prepared by temporarily shaping an ex- 
ternally input signal waveform into an appropriate rec- 
tangular waveform. To sequentially select and switch a 
reference voltage on the basis of the sequential pulse 
at a desired timing and generate a voltage pulse having 
a low output impedance, the arrangement of the switch- 
controlled pulse generation logic circuit is changed in 
accordance with the voltage pulse generation method. 
[0112] The switch-controlled pulse generation logic 
circuit shown in FIG. 1 1 A can be applied to the first and 
second embodiments which adopt the single-value rec- 
tangular pulse driving circuit method. FIG. 1 1 B shows a 
detailed input signal pulse Vp, the sequence waveforms 
of control pulses CI and Ch whose pulse widths are in- 
creased, and the waveform of the output voltage Vout. 
[0113] FIG. 1 3A shows a switch-controlled pulse gen- 
eration logic circuit using the binary voltage pulse driving 
circuit method that can be applied to the third and fourth 
embodiments. FIG. 1 3B shows the timing waveforms of 
various signals used in the circuit of FIG. 13A. The high- 
pulse width of the driving voltage pulse Vout is increased 
by a combination of Ch1 and CI whose pulse widths are 
increased and Ch2 whose pulse width is kept un- 
changed. 

[0114] FIGS. 17A and 17B show a switch-controlled 
pulse generation logic circuit and the timing waveforms 
of signals which can be applied to the fifth and sixth em- 
bodiments that employ the same binary voltage pulse 
driving method but different circuit arrangements. The 
pulse width of only the control pulse CI is increased with- 
out changing that of the control pulse Ch, thus obtaining 
the driving voltage pulse Vout whose high-pulse width 
is increased. 

[0115] In the fourth to sixth embodiments, the narrow- 
ing amount of the high-level width is 0.5 ns, so that the 
optical value of the pulse width increase to be set in the 
logical synthesis circuit is 0.5 ns. In many high-speed 
LED driving circuits, the narrowing amount can be sat- 
isfactorily compensated for by substantially increasing 
the pulse width by 2 ns or less. The signal delay circuit 
necessary for the pulse width increase can be small in 
circuit size, and can be compactly assembled in an IC 
chip. The LED driving circuit itself can be assembled in 
a small-size one-chip IC. 

[0116] The detailed numerical results of the transient 
response characteristics described above are obtained 
at the relatively large capacitance Cd = 200 pF and the 
series resistance Rs = 10 Q as LED element parame- 
ters. These results become smaller in proportion to a 
smaller capacitance Cd value of the LED or a smaller 
series resistance Rs value of the LED. Depending on 
the selection of the element characteristics of the LED, 
the LED driving circuit can be applied to realize an op- 
tical data link having a transmission rate up to about 500 
Mb/s. The LED driving circuit of the present invention 
can realize a sub-Gbit-rate optical data link using an 
LED with a minimum increase in power consumption 
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and low cost. 

[01 17] FIG. 28 shows the results of analyzing the volt- 
age/current operation waveform and output optical sig- 
nal waveform of an LED in binary voltage pulse driving 
by using an actual LED diode model described by full 
parameters almost similar to the electrical characteris- 
tics of the LED employed as a typical example. 
[0118] More specifically, FIG. 28 shows characteris- 
tics for a repetitive signal of 250 Mb/s. Voltage level val- 
ues input to the LED are VI = 1 6V, Vh2 = 2.25V, and 
Vh1 = 2.10V, the rise and fall times of a driving pulse 
are 0.6 ns, and the high-pulse width increase time is 0.8 
ns. Although a finite transient response pulse different 
from an ideal rectangular pulse suppresses the peak 
current in a transient response, the optical output wave- 
form attains a proper pulse shape which keeps a duty 
ratio of 2 : 1 . It can be easily estimated thattransmission 
at 500 Mb/s or more is enabled by exchanging the LED 
for one improved in characteristics so as to cope with 
high speed, and optimizing driving conditions. 
[0119] The above description is based on room tem- 
perature. Measurements upon a temperature change 
will be explained. 

[0120] A red LED has a larger band gap than that of 
an Si diode, but is essentially a diode. A forward voltage 
Vf necessary for flowing a forward current of a prede- 
termined value has a large temperature dependence 
unique to the diode upon a change in operation temper- 
ature, similar to the Si diode. 

[0121] As described above, when the voltage drop at 
Rs by a current flowing through an ideal diode can be 
ignored, only the activation ratio N is a parameter which 
determines the magnitude of the temperature depend- 
ence regardless of the element material. N depends on 
the device, and when a current necessary for emission 
of the LED actually flows, the diode is in an operation 
region where the voltage drop at Rs cannot be ignored. 
From this, the diode behaves out of a simple ideal op- 
eration state. By selecting operation conditions, the tem- 
perature dependence of the LED exhibits almost the 
same characteristic as that of the Si diode. Even if their 
characteristics are different, the difference falls within 
several tens of %. 

[0122] To maintain a current flowing through the LED 
at a given value regardless of temperature change, the 
driving voltage level Vf applied to the current is made to 
follow the temperature change. In other words, a circuit 
is so designed as to be able to always generate, con- 
trolled low-level voltage VI of the DC bias voltage which 
guarantees high-speed operation of the LED and Vh 
which determines an optical output intensity, following 
a temperature change in the forward voltage of the LED. 
[0123] FIGS. 18 to 20 show detailed examples of the 
basic arrangement of a reference voltage generation cir- 
cuit which matches this purpose. 

[0124] In FIG. 18, a stabilization constant current 
source 11 using a band gap reference voltage as a ref- 
erence is used to generate a DC current independent of 
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the temperature. Resistors R51, R52, and R53 and an 
Si diode Si • D having forward voltage dependence cor- 
responding to the temperature change amount of the 
LED are selected and cascade-connected to obtain 

5 three reference voltages VI, Vh1 , and Vh2. The resist- 
ance value can be uniquely determined by a DC current 
value in use, a corresponding forward voltage of Si • D, 
and three reference voltages to be generated. 
[0125] In FIG. 19, the reference voltage generation 

10 circuit is used for direct reference voltage generation of 
an LED having the same characteristics as those of an 
LED used for photoelectric conversion. In this case, a 
DC current generated by a constant current source 11 is 
set equal to a current flowing for a low-level signal when 

15 the LED is OFF. The resistance values of R54 and R55 
are determined to generate voltage differences 
(Vh1 -V1 ) and (Vh2-V2) on the basis of the current value. 
[0126] These circuits are simple because only one 
stabilization constant current source and an element 

20 having the same temperature dependence as that of an 
LED are prepared. However, the output impedance of a 
reference voltage output is relatively high, and a resist- 
ance value which increases from ground must be ad- 
justed. 

25 [0127] The embodiment of FIG. 20 concerns a circuit 
using an Si • D element having a stabilization reference 
voltage Vref and the same temperature dependence as 
that of an LED, and two feedback amplifiers which need 
not have very-high-frequency characteristics. A bias 

30 current flowing through Si • D is given by Vref/R1 0. The 
circuit temporarily generates VI and then generates Vh 
based on VI. In this case, the output voltages VI and Vh 
can be respectively adjusted by grounded R10 and R14, 
and the circuit can be easily changed in structure to ad- 

35 just VI and Vh from the outside of the IC. To generate a 
voltage Vh2, a circuit identical to one for generating Vh1 
= Vh is added. This embodiment is shown in FIG. 23. 
[0128] In general the emission efficiency of an LED 
has a negative temperature coefficient. As for the con- 

40 trol of Vh , a positive temperature coefficient can be sub- 
stantially set to a high current value with respect to a 
temperature change by setting the temperature coeffi- 
cient smaller than Vf , and a decrease in optical output 
pulse amplitude along with temperature rise can also be 

45 compensated for. FIG. 21 shows an embodiment having 
this function as a modification of the embodiment in FIG. 
20. 

[01 29] A stabilization voltage is temporarily generated 
to meet a voltage difference (Vh-VI) at room tempera- 

so ture, and the sum of the stabilization voltage and VI is 
calculated to generate Vh . Note that Vh is a voltage hav- 
ing a predetermined voltage difference from VI inde- 
pendently of the temperature. To generate Vh2 together 
with Vh1 = Vh, a circuit identical to the Vh generation 

55 circuit is added. 

[0130] Each of the above-described circuits uses a 
single LED for a voltage reference, or selects an Si diode 
having the same radiation coefficient N as that of the 



EP1 156 603 A2 



12 



BNSDOCID: <EP 



1156603A2_I_> 



23 

LED and uses the Si diode for a voltage reference. The 
circuit generates the reference voltages VI, and Vh or 
Vh1 and Vh2 while compensating for temperature de- 
pendence. To complete the Si diode by only the process 
of manufacturing an LED driving circuit IC, a change in 5 
the forward voltage of the Si diode in the process is prop- 
erly amplified to make the temperature coefficient of the 
Si diode coincide with that of the LED, and a DC voltage 
offset is synthesized by a shortage of the forward volt- 
age to make the characteristics of the Si diode coincide 10 
with those of the LED because the temperature change 
of the Si diode is often slightly smaller than the temper- 
ature change of the LED and the forward voltage of the 
LED is higher. 

[0131] FIG. 22 shows a circuit example which imple- 15 
ments this. 

[0132] After the forward voltage of Si • D is properly 
amplified, a DC offset of a predetermined voltage is add- 
ed to generate VI and Vh. 

[0133] The method of fixing circuit constants in the IC 20 
cannot cope with flexible applications to various LEDs 
in order to use the LED driving circuit as a general-pur- 
pose component. In this case, temperature characteris- 
tic data of the forward voltage of a diode in the IC proc- 
ess which uses temperature characteristic data of an 25 
LED used in an EEPROM are written/held, the forward 
voltage of the Si diode on the IC substrate is converted 
into EEPROM address data by an A/D converter, and 
output data from the EEPROM is input to a D/A convert- 
er to generate a follow-up voltage. 30 
[0134] The block diagram of this is a temperature- 
compensated reference voltage generation circuit con- 
stituted by a combination of an EEPROM and D/A con- 
verters shown in FIG. 27. Write data Data is written in 
the EEPROM in advance under the control of a terminal 35 
W. In operation, digital data to three D/A converters are 
refreshed by a control circuit Ctrl at a timing based on 
the internal clock of an LED driver circuit or an externally 
input clock Clk. 

[0135] Although not shown in the drawings of this 40 
specification, an intensity monitor photodetector is ar- 
ranged near the LED as a means for more positively 
keeping an optical signal constant, and a feedback cir- 
cuit for controlling the voltage of a driving voltage pulse 
so as to maintain the average output of the intensity *s 
monitor signal at a predetermined value is arranged. 
With this arrangement, the quality of a transmission op- 
tical signal upon a temperature change can be kept 
more constant. This arrangement can also compensate 
for characteristic degradation along with a change of the 50 
LED over time. 

[0136] The LED driving circuit according to the 
present invention has been exemplified. 
[0137] An optical transmitting/receiving module ac- 
cording to the present invention will be described. 55 
[0138] FIG. 29 is a perspective view showing the 
schematic arrangement of the main part of the optical 
transmitting/receiving module according to the present 
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invention. 

[0139] The use of the above-described driving circuit 
can implement a transmitting module which can perform 
high-speed modulation for an LED essentially having a 
large junction capacitance, is small in pulse waveform 
distortion, and can cope with a low-voltage power supply 
with low power consumption. The moduleshown in FIG. 
29 comprises an IC 1 in which the LED driving circuit of 
the present invention is assembled, an LED element 2, 
and a capacitor 9 and resistor 1 0 accessory to operating 
the module. These components are mounted at once as 
a submodule on a submodule substrate 4 or plastic mold 
lead frame. 

[0140] The module has a molded optical connector 5 
in order to couple an LED on the module to an optical 
waveguide such as a plastic fiber. Leads 6 for electrically 
coupling the module to the outside are attached to one 
end of the module. The module is molded by a plastic 
package 7. 

[0141] In FIG. 29, the leads are attached to only one 
end of the module. However, lead-attaching portions 
can be appropriately selected, and leads may be at- 
tached to the other end of the package. Further, leads 
for ensuring the mechanical strength in mounting the 
module on a printed board may be attached. A trans- 
ceiver module structure constituted by mounting a re- 
ceiving module parallel to the transmitting module and 
integrating them also falls within the spirit and scope of 
the present invention. 

[0142] FIG. 29 shows an example of the optical trans- 
mitting/receiving module which incorporates a photode- 
tector 3 and reception IC 8. The present invention can 
implement a compact optical connector-coupled plastic 
transmitting module or optical transmitting/receiving 
module which operates by a single power supply with 
low power consumption and can be used in a normal 
heat dissipation design. 

[0143] The embodiments of the optical element driv- 
ing circuit of the present invention using the Bi-CMOS 
process have been described. However, the present in- 
vention is not limited to them. For example, the circuit 
must be modified in accordance with the characteristics 
of a transistor element adopted to constitute a concrete 
circuit. Even when a transistor element other than a Bi- 
CMOS, such as an Si bipolar transistor or CMOS ele- 
ment is applied, an optical semiconductor element driv- 
ing circuit which operates similarly in principle is imple- 
mented without departing from the spirit and scope of 
the present invention. 

[0144] According to the present invention, high-speed 
modulation is realized by using an LED which cannot be 
driven at a high speed in the prior art. The distortion of 
an output optical pulse waveform can be reduced, an 
increase in power consumption can be minimized, and 
all circuits can be mounted compactly in an IC. The 
present invention can implement an LED driving circuit 
which can be easily assembled in a one-chip IC and can 
operate even on a low-voltage power supply. 
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[0145] As a result, the present invention can provide 
a compact optical connector-coupled plastic optical 
transmitting module which operates at low power con- 
sumption on a power supply voltage from a single power 
supply shared by another signal processing IC and can s 
be used in a normal heat dissipation design. 

Claims 

10 

1. An LED driving circuit characterized by compris- 
ing: 

a pulse generation circuit (PG) for shaping a 

waveform of an externally input signal and gen- 15 

erating a rectangular voltage pulse having a 

predetermined pulse width; and 

a voltage transfer circuit (Q1 - Q1 5) for applying 

to an LED a first output voltage of a low level or 

a second output voltage of a high level on the 20 

basis of the rectangular voltage pulse, 

wherein the high level is substantially equal to 

a f roward voltage for generating a forward peak 

current of the LED necessary for outputting light 

of a predetermined intensity from the LED, 25 

the low level is substantially equal to a voltage 

for changing an emission intensity of the LED 

to zero or a negligible value, and 

an output impedance of said pulse generation 

circuit is smaller than an internal series resist- 30 

ance of the LED. 

2. A circuit according to claim 1 , characterized in that 

the low level is not more than a voltage neces- 35 
sary for generating a forward diode current hav- 
ing a value obtained by dividing the forward 
peak current of the LED by an extinction ratio 
of the LED, and is not less than a forward volt- 
age at which low level of an optical signal gen- 40 
erated in transferring a maximum repetitive sig- 
nal is not more than twice a low level of an op- 
tical signal generated in low-speed transmis- 
sion, and 

the LED always receives a predetermined pre- 45 
bias voltage higher than 0V. 

3. A circuit according to claim 1 , characterized in that 
the low and high levels change following an opera- 
tion temperature of the LED so as to always keep a so 
forward current flowing through the LED constant 
even when the operation temperature of the LED 
changes. 

4. A circuit according to claim 1 , characterized in that 55 

said voltage transfercircuit has a function of ap- 
plying to the LED a third output voltage of a high 
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level which is higher than the high level of the 
second output voltage, 

the LED receives the second output voltage af- 
ter receiving the third output voltage, 
a difference between the high levels of the third 
and second output voltages is not more than 
1 V, and 

a period of the high level of the third output volt- 
age is not more than 5 ns and is not more than 
a pulse width of the rectangular voltage pulse. 

5. A circuit according to claim 1 , characterized in that 

a pulse width of an output pulse for driving the 
LED is shaped to be equal to a pulse width of 
the rectangular voltage pulse, and 
a period of the high level of the output pulse is 
not more than 2 ns. 

6. A circuit according to claim 1 , characterized in that 

an output pulse for driving the LED has an am- 
plitude overshoot of not less than 20% a com- 
plete rectangular shape in transition, and 
a pulse width of the output pulse is equal to a 
pulse width of the rectangular voltage pulse or 
not more than 3 ns. 

7. A circuit according to claim 1 , characterized by fur- 
ther comprising: 

a photodetector for monitoring an emission in- 
tensity of the LED; and 

a circuit for adjusting an amplitude of the output 
pulse for driving the LED so as to keep the av- 
erage emission intensity of the LED constant. 

8. An LED driving circuit characterized by compris- 
ing: 

a voltage generation circuit (VG) for generating 
a first output voltage of a low level and a second 
output voltage of a high level; 
afirstMOSswitch(Q2,Q4,Q12,Q15) for trans- 
ferring the first output voltage to an output ter- 
minal; 

a second MOS switch (Q1, Q3, Q11, Q13) for 
transferring the second output voltage to the 
output terminal; and 

a pulse generation circuit (PG) for shaping a 
waveform of an externally input signal and gen- 
erating first and second rectangular pulses hav- 
ing a complementary relationship, 
wherein an LED is electrically connected to the 
output terminal, 

the first rectangular pulse is input to a gate of 
said first MOS switch, 

the second rectangular pulse is input to a gate 



14 



BNSDOCID: <EP 



1 156603 A2_ I _> 



27 

of said second MOS switch, 
the high level is determined by a forward peak 
current or forward voltage of the LED which is 
necessary for outputting light of a predeter- 
mined intensity from the LED, and 
the low level is set to a voltage value for chang- 
ing an emission intensity of the LED to zero or 
a negligible value. 

9. A circuit according to claim 8, characterized in that 

a buffer (A, B1 ) is connected between said first and 
second MOS switches and the output terminal. 

10. A circuit according to claim 8, characterized in that 

the first output voltage is input to said first MOS 
switch via a first buffer (B4), and 
the second output voltage is input to said sec- 
ond MOS switch via a second buffer (B3). 

11. A circuit according to claim 8, characterized in that 
the low level is set to a voltage value not more than 
a voltage necessary for generating a forward diode 
current having a value obtained by dividing the for- 
ward peak current of the LED by an extinction ratio 
of the LED. 

12. A circuit according to claim 8, characterized in that 
an intensity of light generated by the LED in opera- 
tion at a maximum frequency is set to be not more 
than twice an intensity of light generated by the LED 
in operation at a normal frequency. 

13. A circuit according to claim 8, characterized in that 
. the LED always receives a predetermined voltage 

higher than OV as a DC pre-bias. 

14. A circuit according to claim 8, characterized by fur- 
ther comprising a control circuit for changing a for- 
ward bias voltage of the LED following variations in 
operation temperature so as to maintain the forward 
current flowing through the LED at a constant value 
when the operation temperature of the LED chang- 
es. 

15. A circuit according to claim 8, characterized In that 

a rectangular pulse output from said pulse gen- 
eration circuit has an amplitude overshoot char- 
acteristic of not less than 20% in transition, and 
a pulse width of the rectangular pulse is equal 
to a pulse width of the externally input signal or 
not more than 3 ns. 

16. A circuit according to claim 8, characterized by fur- 
ther comprising: 

a photodetector arranged nearthe LED to mon- 
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itor an emission intensity; and 
an adjustment circuit for adjusting amplitudes 
of the first and second rectangular pulses out- 
put from said pulse generation circuit so as to 
keep an average of the emission intensity con- 
stant. 

17. An LED driving circuit characterized by compris- 
ing: 

10 

a voltage generation circuit (VG) for generating 
a first output voltage of low level, a second out- 
put voltage of first high level, and a third output 
voltage of second high level which is higher 
*5 than the first high level; 

a first MOS switch (Q7, Q 1 0) for transferring the 
first output voltage to an output terminal; 
a second MOS switch (Q6 : Q9) for transferring 
the second output voltage to the output termi- 
te nal; 

a third MOS switch (Q5, Q8) for transferring the 
third output voltage to the output terminal; and 
a pulse generation circuit (PG) for shaping a 
waveform of an externally input signal and gen- 
25 erating first, second, and third rectangular puls- 

es. 

wherein an LED is electrically connected to the 
output terminal, 

the first rectangular pulse is input to a gate of 
30 said first MOS switch, 

the second rectangular pulse is input to a gate 
of said second MOS switch, 
the third rectangular pulse is input to a gate of 
said third MOS switch, 
35 after the third rectangular pulse changes to 

high level, the second rectangular pulse suc- 
cessively changes to a high level, 
a level of the first rectangular pulse has a com- 
plementary relationship with a level (ORed lev- 
40 el) obtained by ORing the second and third rec- 

tangular pulses, and 

a high-level voltage applied to the LED is bina- 
ry. 

45 18. A circuit according to claim 17, characterized in 
that a buffer (B1) is connected between said first, 
second, and third MOS switches and the output ter- 
minal. 

so 19. A circuit according to claim 17, characterized in 
that 

the first output voltage is input to said first MOS 
switch via a first buffer (B4), 
55 the second output voltage is input to said sec- 

ond MOS switch via a second buffer (B3), and 
the third output voltage is input to said third 
MOS switch via a third buffer (B2). 
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20. A circuit according to claim 17, characterized in 
that the low level is set to a voltage value not more 
than a voltage necessary for generating a forward 
diode current having a value obtained by dividing 
the forward peak current of the LED by an extinction 5 
ratio of the LED. 

21. A circuit according to claim 17, characterized in 
that an intensity of light generated by the LED in 
operation at a maximum frequency is set to be not 10 
more than twice an intensity of light generated by 
the LED in operation at a normal frequency. 

22. A circuit according to claim 17. characterized in 
that the LED always receives a predetermined volt- 15 
age higher than 0V as a DC pre-btas 

23. A circuit according to claim 17. characterized by 
further comprising a control circui" lor changing a 
forward bias voltage of the LED following variations 20 
in operation temperature so as to maintain the for- 
ward current flowing through the LED at a constant 
value when the operation temperature of the LED 
changes. 

25 

24. A circuit according to claim 17, characterized in 
that 

a high-level voltage pulse for driving the LED is 
set to the second high level during a predeter- 30 
mined period immediately after rise of the volt- 
age pulse, and to the first high level during a 
remaining period, and 

high levels of the first to third rectangular pulses 
are set to the same value as the second high 35 
level. 



27. A circuit according to claim 17, characterized by 
further comprising: 

a photodetector arranged near the LED to mon- 
itor an emission intensity; and 
an adjustment circuit for adjusting amplitudes 
of the first and second rectangular pulses out- 
put from said pulse generation circuit so as to 
keep an average of the emission intensity con- 
stant. 

28. An optical transmitting module characterized by 

comprising: 

an IC (1 ) having the LED driving circuit defined 
in any one of claims 1 , 8, and 1 7; 
an LED (2) connected to an output terminal of 
the LED driving circuit; 

a submodule (4) on which said IC and said LED 
are mounted; 

an optical connector (5) which is optically cou- 
pled to said LED; 

a lead (6) which is electrically coupled to said 
IC and said LED; and 

a package (7) for housing said IC, said LED, 
said submodule, said optical connector, and 
said lead. 



25. A circuit according to claim 17, characterized in 
that 

a voltage difference between the first and sec- 
ond high levels is not more than 1 V, 
the third output voltage of the second high level 
is kept output for a period of not more than 5 
ns, and 

the third output voltage is smaller in amplitude 
and width than the third rectangular pulse. 

26. A circuit according to claim 17, characterized in 
that 



40 



45 



50 



a rectangular pulse output from said pulse gen- 
eration circuit has an amplitude overshoot char- 
acteristic of not less than 20% in transition, and 
a pulse width of the rectangular pulse is equal 
to a pulse width of the externally input signal or 
not more than 3 ns. 
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